EP 4 388 574 B1

(19)

(12)

(49)

(21)

(22)

Europdisches
Patentamt

European

Patent Office

Office européen
des brevets

(11) EP 4 388 574 B1

EUROPEAN PATENT SPECIFICATION

Date of publication and mention
of the grant of the patent:
20.11.2024 Bulletin 2024/47
Application number: 22813027.4

Date of filing: 24.10.2022

(51)

(52)

(86)

(87)

International Patent Classification (IPC):
HO1J 37/32 (2006.01) HO5H 1/24 (2006.07)

Cooperative Patent Classification (CPC):
HO01J 37/32027; HO5H 1/4697; HOSH 2242/22

International application number:
PCT/US2022/078600

International publication number:
WO 2023/086731 (19.05.2023 Gazette 2023/20)

(54)

DC PLASMA CONTROL FOR ELECTRON ENHANCED MATERIAL PROCESSING
GLEICHSTROMPLASMASTEUERUNG FUR ELEKTRONENVERSTARKTE

MATERIALVERARBEITUNG

COMMANDE DE PLASMA A COURANT CONTINU POUR TRAITEMENT DE MATERIAU AMELIORE

A ELECTRONS

(84)

(30)

(43)

(73)

(72)

Designated Contracting States:

AL AT BE BG CH CY CZDE DK EE ES FI FR GB
GRHRHUIEISITLILTLULV MC ME MK MT NL
NO PL PT RO RS SE SI SK SM TR

Priority: 11.11.2021 US 202117524330

Date of publication of application:
26.06.2024 Bulletin 2024/26

Proprietor: VELVETCH LLC
Pasadena, CA 91106 (US)

Inventors:

GODDARD, William Andrew
Pasadena, California 91106 (US)
SANDO, Stewart Francis
Pasadena, California 91106 (US)
ANZ, Samir John

Pasadena, California 91106 (US)

(74)

(56)

MARGOLESE, David Irwin
Pasadena, California 91106 (US)

Representative: Riccardi, Elisa et al
Barzano & Zanardo Milano S.p.A.
Via Borgonuovo, 10

20121 Milano (IT)

References cited:
US-A-5 221 416
US-A-6 033 587

US-A- 5 882 538
US-A1-2013 255 717

GILLIS H.P. ET AL: "Precision, Damage-Free
Etching by Electron-Enhanced Reactions:
Results and Simulations", ECS TRANSACTIONS,
vol. 50, no. 46, 1 April 2013 (2013-04-01), US,
pages 33 - 43, XP093013119, ISSN: 1938-5862,
Retrieved from the Internet
<URL:https://iopscience.iop.org/article/10.1149/
05046.0033ecst/pdf> [retrieved on 20230112],
DOI: 10.1149/05046.0033ecst

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been

paid.

(Art. 99(1) European Patent Convention).

Processed by Luminess, 75001 PARIS (FR)



1 EP 4 388 574 B1 2

Description

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S.
Application No. 17/524,330 entitled "DC Plasma Control
for Electron Enhanced Material Processing" filed on No-
vember 11, 2021.

TECHNICAL FIELD

[0002] The presentdisclosure generally relates to sys-
tems and methods for producing operating conditions in
a DC plasma reaction chamber used for material
processing, in particular, for material processing using
wafer scale waves of precisely controlled electrons in a
DC plasma at room temperatures (or other temperatures
if desired).

BACKGROUND

[0003] Fabrication of, for example, integrated circuits,
may include processing of corresponding substrates
within a (direct-current) DC plasma reaction chamber
wherein electrons and/or ions are accelerated towards
the surface of the substrate to initiate a reaction that phys-
ically transforms the surface of the substrate. In some
cases, and mainly due to their relatively smaller mass of
electrons compared to ions, substrate processing via
electrons may be preferred so as to reduce any damage
to the surface of the substrate beyond the targeted phys-
ical alterations expected by the processing step per se.
[0004] Insome cases, plasma processing may include
arrangement ofthe substrate in aregion ofthe DC plasma
reaction chamber such that an exact value of a surface
floating potential of the substrate is not known. Accord-
ingly, any externally applied bias signal to the substrate
may impart an energy to free electrons in a region of the
plasma close to the surface of the substrate that may not
correlate to the electron energy thresholds/levels of (at-
oms) materials present at the surface of the substrate.
Teachings according to the present disclosure produce
operating conditions in the DC plasma chamber that al-
low for precise control of the energy of the free electrons
to specifically target electron energy thresholds of the
materials present at the surface of the substrate.

[0005] Known DC plasma systems are disclosed in
GILLIS H.P. ET AL: "Precision, Damage-Free Etching by
Electron-Enhanced Reactions: Results and Simula-
tions",ECS TRANSACTIONS,vol. 50, no. 46, 1 April 2013
(2013-04-01), pages 33-43, US 6 033 587 A, US 5 882
538 A, US 5221 416 A and US 2013/255717 A1.

SUMMARY
[0006] Systems and methods for material processing

using wafer scale waves of precisely controlled electrons
in a DC plasma at room temperatures (or other temper-
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atures if desired) are presented. In the presentdisclosure
such material processing is referred to as electron en-
hanced material processing (EEMP) which allows pre-
cise control of the kinetic energy of free electrons in the
DC plasma to exactly (and selectively) target energy lev-
els of atoms at the surface of a substrate being proc-
essed.

[0007] According to one embodiment the present in-
vention according to claim 1, a direct-current (DC) plas-
ma system for processing of a substrate is presented,
the DC plasma system comprising: a DC plasma reaction
chamber configured to contain a DC plasma that is gen-
erated between an anode and a cathode of the DC plas-
ma reaction chamber; an adjustable DC voltage source
having an output thatis electrically coupled to the anode;
a DC current source that is electrically coupled to the
cathode; and a substrate support stage arranged in a
region of the DC plasma reaction chamber that contains
a positive column of the DC plasma, wherein the adjust-
able DC voltage source and the DC current source are
electrically coupled to a reference ground, and wherein
during a processing step of the substrate, the adjustable
DC voltage source adjusts an electrical potential at the
anode to set a floating potential at a surface of the sub-
strate support stage to a potential of the reference
ground.

[0008] According to a second embodiment of the
present invention according to claim 18, a method for
processing a surface of a substrate is presented, the
method comprising: placing a substrate support stage in
aregion of a DC plasma reaction chamber configured to
produce a positive column of the DC plasma; generating
a DC plasma by coupling an adjustable DC voltage
source and a DC current source respectively to an anode
and a cathode of the DC plasma reaction chamber; based
on the generating, producing a floating potential at a sur-
face of the substrate support stage; adjusting a potential
at the anode via the adjustable DC voltage source while
maintaining via the DC current source a constant DC
current between the anode and the cathode; and based
on the adjusting and the maintaining, setting the floating
potential to a specific potential of a reference ground of
the adjustable DC voltage source. Further embodiments
of the invention are defined in the dependent claims.
[0009] Further aspects of the disclosure are shown in
the specification, drawings and claims of the present ap-
plication.

BRIEF DESCRIPTION OF DRAWINGS

[0010] The accompanying drawings, which are incor-
porated into and constitute a part of this specification,
illustrate one or more embodiments of the present dis-
closure and, together with the description of example em-
bodiments, serve to explain the principles and implemen-
tations of the disclosure.

FIG. 1A shows a simplified schematic view of a DC
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plasma reaction chamber that can be used in a DC
plasma processing system not forming part of the
invention.

FIG. 1B shows a graph representative of a variation
in (electric) potential of the plasma during operation
of the DC plasma reaction chamber of FIG 1A.
FIG. 1C shows a simplified schematic view of a DC
plasma processing system not forming part of the
invention, comprising a (substrate) stage arranged
in a region of the DC plasma reaction chamber of
FIG. 1A.

FIG. 1D shows an exemplary biasing of the stage of
the DC plasma processing system, not forming part
of the invention, of FIG. 1C via an external biasing
signal generator.

FIG. 1E shows an exemplary biasing signal gener-
ated by the external biasing signal generator of FIG.
1D and a corresponding potential generated at the
surface of the stage.

FIG. 1F shows exemplary energy levels of atoms at
a surface of the stage.

FIG. 2A shows a simplified schematic view of a DC
plasma processing system according to an embod-
iment of the present invention comprising means to
control a surface potential of the stage.

FIG. 2B shows graphs representative of control of
the surface potential of the stage for the DC plasma
processing system of FIG. 2A.

FIG. 2C shows graphs representative of adjusting
the surface potential of the stage to a reference
ground potential for the DC plasma processing sys-
tem of FIG. 2A

FIG. 3A shows a simplified schematic view of a DC
plasma processing system according to an embod-
iment of the present invention comprising means to
control a surface potential of the stage and means
to measure the surface potential.

FIG. 3B shows a simplified schematic view of a DC
plasma processing system according to an embod-
iment of the present invention that is based on the
system of FIG. 3A with added means for automatic
control of the surface potential.

FIG. 4A shows a simplified schematic view of a DC
plasma processing system according to an embod-
iment of the present invention that is based on the
system of FIG. 3B with added means for biasing of
the stage.

FIG. 4B shows an exemplary biasing signal provided
to the stage of the DC plasma processing system of
FIG. 4A and a corresponding potential generated at
the surface of the stage.

FIG. 4C shows exemplary energy levels of atoms at
a surface of the stage.

FIG. 5is a process chart showing various steps of a
method according to an embodiment of the present
invention for processing a surface of a substrate.

[0011] Like reference numbers and designations inthe
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various drawings indicate like elements.

DETAILED DESCRIPTION

[0012] FIG. 1A shows a simplified schematic view of a
prior art (direct-current) DC plasma reaction chamber
(110) that can be used in a DC plasma processing sys-
tem. Biasing of the DC plasma reaction chamber (110)
may be provided by a DC voltage source (150) coupled
between an anode, A, and a cathode, C, ofthe DC plasma
reaction chamber (110). During operation, a glow dis-
charge (plasma) may be formed in the chamber (110)
based on interaction of a gas and electrons of a current
that flows between the anode, A, and the cathode, D.
This inturn produces free ions and electrons in the cham-
ber (110). The principle of operation of such DC plasma
reaction chamber (110) is well known to a person skilled
in the art and therefore related details are omitted in the
present disclosure.

[0013] AsshowninFIG. 1A, the glow discharge formed
in the chamber (110) may include glow regions (G1, G2,
G3, G4) that emit significant light, and dark regions (D1,
D2, D3, D4) that may not emit light. Such regions may
represent different operating characteristics of the DC
plasma reaction chamber (110), including, for example,
temperature and electric potential.

[0014] FIG. 1B shows a graph representative of a var-
iation in the (electric) potential, Vpp, of the plasma along
an axial direction (direction of longitudinal extension), X,
of the chamber (110) during operation. As shown in FIG.
1B, the plasma potential, Vpp, varies from a value, Vc,
that represents the potential applied to the cathode, C,
by the DC voltage source (150 of FIG. 1A), to a value,
V,, that represents the potential applied to the anode, A,
by the DC voltage source (150 of FIG. 1A). It should be
noted that as shown for example in FIG. 1D later de-
scribed, generally the value, V,, is at zero volts (e.g.,
reference ground) and the value, Vc, is negative (e.g., in
a range of about 0 (zero) - 500 volts).

[0015] With continued reference to FIG. 1B, abruptvar-
iation of the potential, Vpp, in the regions (e.g., D1, G1,
D2) close to the cathode, C, and in the regions (e.g., G4)
close to the anode, A, may correspond to regions of high-
er operating temperatures of the chamber (110). On the
other side, the region G3, also known as the positive
column, is a region of quasi uniform/constant potential,
Vpp, and of lower operating temperature. For example,
considering a segment [Xg34, Xg3p] along the axial di-
rection, X, of the chamber (110) that as shown in FIG.
1B is contained within the positive column region, G3, a
variation of the plasma potential, Vpp, across such seg-
ment [Xg31, Xg3z] is minimal, or in other words, the po-
tential, Vpp, across the segment [Xg31, Xg32] may be
considered as constant. Accordingly, as shown in FIG.
1B, the plasma potential, Vpp, across the segment [Xg34,
Xg32] may be considered as equal to a value Vgs. The
lower operating temperature and the constant potential
value of the plasma in the positive column region, G3,
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allow use of such region for processing of substrates as
shown in FIG. 1C and FIG. 1D.

[0016] FIG. 1C shows a simplified schematic view of
a DC plasma processing system (100C) comprising a
(substrate) stage, S, arranged in the positive column re-
gion, G3, of the DC plasma reaction chamber (110). The
stage, S, may be designed to support a flat substrate,
and therefore may include a top flat/planar surface. The
stage, S, shown in FIG. 1C is electrically isolated (not
connected to any external electric potential) and there-
fore, and as known to a person skilled in the art, in the
presence of the plasma potential, Vpp, a potential, Vs,
develops at the surface of the stage, S, that is referred
to as the surface floating potential, Vgp. The relationship
of the (surface) floating potential, Vp, to the plasma po-
tential, Vpp, is shown FIG. 1C. In particular, as shown in
FIG. 1C, the plasma potential, Vpp, at a region [Xga4,
Xg3o] of the chamber (110) where the stage, S, is ar-
ranged is equal to V53, and the floating potential, Vgp, is
lower than (negative with respect to) the plasma potential
Vgs-

[0017] The floating potential, Vgp, shown in the graph
of FIG. 1C can be attributed to the "plasma sheath" that
develops in the presence of the stage, S. As known to a
person skilled in the art, at the wall or any barrier within
the plasma, a negative potential develops with respect
to the bulk of the plasma. Consequently, an equilibrium
potential drop develops between the bulk of the plasma
and the wall or barrier. Such potential drop is confined
to a small region of space next to the wall or barrier due
to the charge imbalance that develops between the plas-
ma and the wall or barrier. This layer of charge imbalance
has a finite thickness, characterized by the Debye
Length, and is called the "plasma sheath" or "sheath".
The thickness of such a layer is several Debye lengths
thick, a value whose size depends on various character-
istics of the plasma. If the dimensions of the bulk plasma
(e.g., chamber 110) are much greater than the Debye
length, for example, then the Debye length depends on
the plasma temperature and electron density. In the par-
ticular case of the DC plasma operating conditions sup-
ported by the teachings according to the present disclo-
sure (e.g., EEMP system near room temperature to mod-
erately above room temperature), the Debye length is in
the order of several millimeters (e.g., less than 10 millim-
eters), and the difference between the potentials Vg3 and
Vep is in the order of several volts (e.g., less than 10
volts). It should be noted that the plasma sheath may
develop in the presence of any wall or barrier, whether
conductive or not. Accordingly, once a substrate (wheth-
er conductive or insulating) is placed atop the stage, S,
the same floating potential, Vp, as described above with
reference to FIG. 1C may develop at the surface of the
substrate.

[0018] FIG. 1D shows an exemplary biasing of the
stage, S, of the DC plasma processing system of FIG.
1C via an external biasing signal generator (180) that is
capacitively coupled to the stage, S, by a capacitor Cs.
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In the exemplary configuration (100D) shown in FIG. 1D,
the potential, Va, applied to the anode, A, is at zero volts
(e.g., coupled to the reference ground, Gnd). Further-
more, as shown in FIG. 1D, a biasing signal, Vg, applied
to the stage, S, by the external biasing signal generator
(180) may be referenced to the reference ground poten-
tial, Gnd. Although in some prior artimplementations the
biasing signal, Vg, may be DC coupled to the stage, S,
teachings according to the present disclosure strictly pro-
hibit such DC coupling to the stage so as to avoid a dis-
charge path for a DC current through any intermediate
points in the chamber (110), as such discharge path may
substantially change operating conditions within the
chamber (110).

[0019] In the DC plasma processing system shown in
FIG. 1D, the biasing signal, Vg, may be used to control
a potential (e.g., surface potential Vs) seen by free elec-
trons and/or ions in the vicinity of the stage, S, or of the
substrate when present. Accordingly, energy of the free
electrons and/or ions may be controlled to levels required
for processing of the substrate. For example, as shown
in the left-side graph of FIG. 1E, the biasing signal, Vg,
generated by the external biasing signal generator (e.g.,
180 of FIG. 1D) may start from zero and reach in a short
period of time (represented by a leading edge slope) a
voltage amplitude, Vg 1. When the voltage amplitude, Vg1,
is applied (e.g., AC coupled) to the stage, S, during a
processing step (a) as shown in the top right-side graph
of FIG. 1E, the voltage amplitude, Vg4, gets added (or
subtracted if negative) to the surface floating potential,
Vepa, to generate a surface potential, Vs, at the vicinity
of the stage, S. However, because the free electrons
and/or ions are at the plasma potential, Vpp,, only a por-
tion of the surface potential, Vs, that is above the plasma
potential, Vpp,, is seen by the free electrons and/or ions.
For example, as shown in the top right-side graph of FIG.
1E, the (kinetic) energy of the free electrons and/or ions
may be based on a potential difference Vyg, = (Vg4 -
AVEp,), With AVep,, = (Vepa- VEpa)-

[0020] On the other hand, considering a processing
step (b) represented by the bottom right-side graph of
FIG. 1E, which may have operating conditions that are
different from the operating conditions of the processing
step (a), including for example, a different plasma poten-
tial, Vppy, or a different floating potential, Vgpy, that may
cause a different differential AVgpy, = (Vppp - VEpp), then
for the same applied voltage amplitude, Vg4, a different
(kinetic) energy of the free electrons and/or ions is ob-
tained. Teachings according to the present disclosure
either eliminate variations in the operating conditions
within the chamber (e.g., 110 of FIG. 1D), and/or com-
pensate for such variations such as to allow, for example,
precise control of the energy of the free electrons (and/or
ions). It should be noted that variation in the operating
conditions may be expected in view of different types of
processing (e.g., (@) and (b) of FIG. 1E) performed within
the chamber (110), including for example, etching of a
substrate with different reactive gasses, cleaning of a
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substrate or any other process that may alter and/or re-
move composition/material from the surface of the sub-
strate. It should be noted that, as known by a person
skilled in the art, the different operating conditions for
performing the different types of processing may further
include corresponding variations and/or adjustments to
any one of the DC plasma current, temperature, gas mix-
ture or flow rate within the chamber (110).

[0021] When a substrate is placed atop the surface of
the stage, S, the kinetic energy of the free electrons
and/or ions acquired through the application of the bias
signal, Vg, described above may accelerate the free elec-
trons and/or ions towards the surface of the substrate
and collide with the substrate torelease the kinetic energy
onto atoms at the surface of the substrate. Those atoms
however are at an energy level that is based on the po-
tential within which they reside, or in other words, based
on the floating potential, Vgp. Various energy levels of
one such atom for the processing type (a) described
above with reference to FIG. 1E are shown in FIG. 1F,
including the energy level, E,, of a nucleus of an atom
at the surface of the substrate, the energy level, Eg, of
an electron bound to the nucleus of an atom at the surface
of the substrate, and the energy level, E,, of an electron
at the orbit of an electron bound to a nucleus at the sur-
face of the substrate.

[0022] Ascanbe seeninFIG. 1F, the energy level, E,,,
of the nucleus is at the (negative) potential, Vgp,, and
the energy level, E,, of the electron is at the (negative)
potential (E,, + Eg). In other words, in order to excite the
atom to a level that breaks the bond between the electron
and the nucleus, an energy equal to, or greater than, the
energy level, E,, of the electron must be imparted onto
the atom. Accordingly, considering a plasma processing
only via the free electrons, the kinetic energy of the free
electrons provided through application of the bias signal,
Vg, represented in FIG. 1F by the potential difference
Vkga = (Vg1 - AVEp,) Must be equal to, or greater than,
the energy level, E,. However, since E; = (E,, + Eg) and
E, is based on the a priori unknown floating potential,
Vepa, Precise control of the kinetic energy of the free elec-
trons to precisely target the energy level, E;, may not be
possible.

[0023] Although the floating potential (e.g., Vgp, of
FIG. 1F) may be empirically and/or experimentally deter-
mined for a given process at stable operating conditions
of the DC plasma chamber, any inconsistencies and/or
lack of repeatability of such operating conditions may in-
validate the determined floating potential. Furthermore,
as different types of processes inherently yield to different
floating potentials, the task of precisely controlling the
kinetic energy of the free electrons to exactly target the
energy level of an atom at the surface of the substrate
may not be feasible. As a result, some prior art imple-
mentations impart kinetic energies onto the atoms at the
surface of the substrate that may be substantially larger
than a target atom energy level, and therefore may not
allow for selectivity (as atoms of different materials/com-
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positions having different energy levels may equally be
subjected to energy levels sufficient to break their orbital
bonds). The electron enhanced material processing
(EEMP) according to the teachings of the present disclo-
sure overcome such shortcoming and therefore allow
precise control of the kinetic energy of the free electrons
to exactly and selectively target the energy level of an
atom at the surface of the substrate.

[0024] FIG. 2A shows a simplified schematic view of a
DC plasma processing system (200A) according to an
embodiment of the present invention comprising means
(250, 260) to control the surface potential of the stage,
S, when electrically isolated. In other words, the means
(250, 260) allow for adjustment of the floating potential,
VEp. As shown in FIG. 2A, the means (250, 260) include
an adjustable DC voltage source (250) that is coupled to
the anode, A, of the DC plasma reaction chamber (110),
and a DC current source (260) that is coupled to the cath-
ode, C, of the DC plasma reaction chamber (110). Ac-
cordingly, the potential, V,, of the anode, A, may be con-
trolled to be in a range from zero volts and upward (pos-
itive) with respect to the reference ground (Gnd at zero
volts), and a (drain) current, Ip, that flows between the
anode, A, and the cathode, C, through the reaction cham-
ber (110) can be set by the DC current source (260).
Accordingly, the potential, Vc, of the cathode, C, is not
forced by an external DC voltage source (e.g., 150 of
FIG. 1D), rather (is floating and) settles to a (negative)
voltage that is based on the adjustable potential V, of
the anode A, and the set current, Ip. Such configuration
allows to independently control/adjust the floating poten-
tial, Vgp, while maintaining the set current, Ip, through
the reaction chamber (110) constant to establish and
maintain a higher level of process stability and optimiza-
tion.

[0025] FIG. 2B shows two graphs representative of
control of the surface potential, Vgp, of the stage, S, for
the DC plasma processing system (200A) described
above with reference to FIG. 2A. In particular, FIG. 2B
shows two graphs distinguished by use of solid or dashed
lines, each representing the variation of the plasma po-
tential, Vpp, across the longitudinal extension, X, of the
chamber (110) for two different voltages (Vai, Vp5) ap-
plied to the anode, A, by the adjustable DC voltage source
(250). As can be seen in FIG. 2B, for a positive step
increase, +AV,,, of the anode potential from the voltage
V1 to the voltage Vy,, the floating potential (Vep4, Vepo)
and the cathode potential (Vci, V) increase by the same
positive step, +AV,,. As a matter of fact, as shown in
FIG. 2B, the entirety of plasma potential, Vpp, curve shifts
positive by the step +AV 4. In other words, for any longi-
tudinal coordinate, X, in the range [X¢, X,], a correspond-
ing plasma potential, Vpp(X), follows the step increase,
+AV,. The same behavior applies to negative step var-
iations applied to the anode, A, by the adjustable DC
voltage source (250). In otherwords, control of the anode,
A, potential by the adjustable DC voltage source linearly
affects the plasma potential, Vpp, at any longitudinal co-
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ordinate, X, and therefore, linearly affects the floating po-
tential, Vgp, and the voltage, Vs, atop the stage, S, As
later described in the present disclosure, such linearity
can be used in the EEMP system according to the present
teachings to implement a closed loop control subsystem
to automatically control the value of the floating potential,
VEp, to a preset value (e.g., zero volts) while operating
the DC plasma chamber for different types of material
processing.

[0026] FIG. 2C shows two graphs similar to the graphs
described above with reference to FIG. 2B, including a
specific case where the anode voltage, Vai, is equal to
zero volts (solid lines). As can be seen in FIG. 2B, the
floating potential volage for such case is equal to a neg-
ative value, Vgp4, and therefore negative with respect to
(below) the plasma potential, Vpp. Furthermore, as can
be seen in FIG. 2C, for a positive step increase, +AV 3
=(Vai-Vpy), ofthe anode potential, the floating potential
can be adjusted to a value, Vgps, that is equal to zero
volts. According to an embodiment of the present disclo-
sure, such zeroing of the floating potential, Vgp, may al-
low precise control of the kinetic energy of free electrons
in the DC plasma to exactly (and selectively) target en-
ergy levels of atoms at the surface of a substrate (whether
conductive or insulating) being processed. In other
words, and with reference back to FIG. 1F, the a priori
unknown floating potential that determines the energy
level, E,, of a nucleus of an atom targeted/selected for
processing is removed by zeroing of the floating potential,
Vep. In turn, as shown in FIG. 4B later described, this
allows to reference the energy level, E,, of target elec-
trons, the kinetic energy level of the free electrons in the
DC plasma (e.g., Vkg, of FIG. 1F), and the biasing volt-
age, Vg, applied to the stage, S, to the same known and
fixed reference of zero volts potential, Gnd.

[0027] FIG. 3A shows a simplified schematic view of a
DC plasma processing system (300A) according to an
embodiment of the present disclosure comprising means
(250, 260 of FIG. 2A) to control a surface potential of the
stage, S, and means (R, 311, Vg of FIG. 3A) to measure
the surface potential, Vs (e.g., floating potential, Vgp)
atop the stage. As understood by a person skilled in the
art, the system (300A) represents an improvement over
the system (200A) described above with reference to
FIG. 2A by adding the means (R, 311, Vg) to measure
the surface potential, Vs, or in other words, to measure
the (surface) floating potential, Vgp atop the stage. By
enabling such measurement of the floating potential, Vp,
adjustment of the DC voltage source (250) as described
above with reference to FIGs. 2A-2C may be performed
while monitoring/measuring the surface potential, Vgp.
This in turn allows precise control of the floating potential,
Vep, including, for example, to zero such potential (Vgp
= 0 volts).

[0028] With continued reference to FIG. 3A, the means
(R, 311, VR) includes a reference plate, R, that is placed
within DC plasma chamber (110) at a same (longitudinal
coordinate) segment [Xg31, Xg3o] as the stage, S. The

10

15

20

25

30

35

40

45

50

55

reference plate, R, may be fabricated from any conduc-
tive material capable of withstanding (internal) operating
conditions of the chamber (110), and may have any pla-
nar shape, including planar shapes according to, for ex-
ample, a square, rectangle, circle, pentagon, trapezoid
or other. Because the reference plate, R, is arranged in
the same region of the plate, S, and therefore in a region
of a same substantially constant plasma potential, Vpp,
the reference plate, R, sees a same floating potential,
Vep, as the stage, S. In other words, by measuring the
(surface) potential, Vg, at the reference plate, R, the float-
ing potential at the stage, S, can be determined. An in-
sulated conductive wire (311) attached to the reference
plate, R, may be used to route/couple the potential, Vg,
to measurement electronics (e.g., transducer) placed
outside the chamber (110). It should be noted that such
measurement electronics should not provide a DC cur-
rent path to the plasma through plate R.

[0029] With continued reference to FIG. 3A, placement
of the reference plate, R, may be at any longitudinal ex-
tension of the chamber (110) within the segment [Xg31,
Xg3o] that is technically feasible and practical. As the
chamber, S, may include an access door adjacent the
stage, S, on one side of the chamber (110), in some ex-
emplary embodiments the reference plate, R, may be
arranged against, or in the vicinity, of a wall of the cham-
ber (110) that is on an opposite side of the access door
and stage, S. Furthermore, according to an exemplary
embodiment, a center of the reference plate, R, and a
center of the stage, S, (e.g., intersection of the two seg-
ments that make the T shape of the stage as shown in
the figures) may be contained within a line that is per-
pendicular to the axial direction (e.g., centerline, direction
of longitudinal extension) of the chamber (110). Appli-
cants of the present disclosure have verified high accu-
racy of the means (R, 311, V) in tracking of the floating
potential of the stage, S.

[0030] FIG. 3B shows a simplified schematic view of a
DC plasma processing system (300B) according to an
embodiment of the present invention that is based on the
system (300A) of FIG. 3A with added means (320, CT)
for automatic control of the surface potential, Vp, at the
stage, S. The means (320, CT) includes control electron-
ics (320) configured to implement a closed loop control
system to automatically control the value of the floating
potential, Vgp, at the stage, S, to a preset value (e.g.,
zero volts) while operating the DC plasma chamber for
different types of processing. In particular, as shown in
FIG. 3B, the control electronics (320) takes the (surface)
potential, Vg, of the reference plate, R, as input via a
coupling provided by the insulated conductive wire (311),
and generates therefrom a control (error) signal, CT, to
the adjustable DC voltage source (250) to adjust the volt-
age, V,, provided to the anode, A, and therefore, as de-
scribed above with reference to FIGs. 2A-2C, adjust the
floating potential, Vgp, at the stage, S. The control (error)
signal, CT, may be generated with respect to a desired
target/preset value of the floating potential, Vgp, such as,
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for example, zero volts. A person skilled in the art is well
aware of design techniques for implementing the control
electronics (320) which are outside the scope of the
presentinvention. In particular, a person skilled in the art
is well aware of using operational amplifiers or error am-
plifiers in such control electronics (320), wherein inputs
of such amplifiers may be coupled to the potential, Vg,
and to the desired target/preset value (e.g., zero volts)
of the floating potential, Vp, to generate an error signal
(e.g., CT) based on a difference of the inputs.

[0031] FIG. 4A shows a simplified schematic view of a
DC plasma processing system (400A) according to an
embodiment of the present invention that is based on the
system of FIG. 3B with added biasing means (Cs, 480)
forbiasing of the stage, S. In particular, the biasingmeans
(Cs, 480) includes a biasing signal generator (480) that
is coupled to the stage, S, through a capacitor, Cs, of the
biasing means. In other words, a biasing signal, Vg, gen-
erated at an output of the biasing signal generator (480)
is capacitively coupled to the stage, S, through the ca-
pacitor, Cs. As previously described in the present dis-
closure, such capacitive coupling may allow removal of
any DC current path from or into the DC plasma chamber
(110), thereby preventing any undesired perturbation of
operating conditions of the chamber (110). It should be
noted that the biasing signal generator (480) may include,
for example, a programmable waveform generator con-
figured to output a waveform of the biasing signal, Vg,
according to desired characteristics, including for exam-
ple, amplitude, frequency, duty cycle and/or rising/falling
edges/slopes. It is further noted that the stage, S, may
include a first conductive portion (e.g., vertical lead con-
nected to the capacitor Cs) for electrical coupling of the
biasing signal, Vg, to the stage, S, and a second portion
of the stage (e.g., horizontal support plate) that may in-
clude conductive and/or insulating material.

[0032] FIG. 4B shows an exemplary biasing signal,
Vg1, provided to the stage, S, of the DC plasma process-
ing system (400A) of FIG. 4A and a corresponding sur-
face potential, Vs, generated at the surface of the stage,
S. As can be clearly understood by a person skilled in
the art, the graphs shown in FIG. 4B correspond to a
configuration of the system (400) wherein the floating
potential, Vgp, is adjusted or controlled to be at zero volts.
Accordingly, and in view of (or in contrast to) the above
description with reference to FIG. 1E, the (kinetic) energy
of the free electrons and/or ions attracted to the surface
of the stage, S, or a substrate thereupon, is based on the
potential difference Vg = (Vg1 - AVEp), With AVegp = (Vpp-
Vep). Accordingly, since in practical substrate processing
applications usinga DC plasma chamber, a value of AVp
may be substantially smaller (e.g., ratio of 1/50 or smaller)
than the value of Vg (e.g., based on the energy level E,
of a target electron per FIG. 4C); an approximation Vg
= Vg4 may be considered reasonable. In turn, this allows
a simple and straightforward generation of the biasing
signal, V4, provided to the stage, S, for implementation
of the electron enhanced material processing (EEMP)
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according to the teachings of the present disclosure that
exactly and selectively targets the energy level of an atom
(e.g., bound electron) at the surface of the substrate.
[0033] With further reference to FIG. 4A and FIG. 4B,
itis noted that excitation of the energy levels of the atoms
at the surface of the stage, S, or at the surface of a sub-
strate arranged atop the stage, S, may be primarily based
on an instantaneous change in the surface potential, Vs.
Accordingly, excitation of the energy levels may be ac-
complished immediately at the end of the transition of
the biasing voltage to the target value, V4, or in other
words, at the end of the slope shown in FIG. 4B.

[0034] FIG. 4C shows exemplary energy levels of at-
oms at a surface of the stage, S, of the of the DC plasma
processing system (400A) of FIG. 4A. FIG. 4C highlights
benefits of the electron enhanced material processing
(EEMP) according to the teachings of the present inven-
tion that allows adjustments to exactly and selectively
target the energy level of an atom (e.g., Ee = Vg per
FIG. 4C) at the surface of the substrate based on the
zeroing of the floating potential, Vp, according the above
description with reference to FIGs. 2A-2C, further based
on the reference plate, R, according to above description
with reference to FIG. 3A, further based on the (optional)
closed loop control system provided by the control elec-
tronics (320) according to the above description with ref-
erence to FIG. 3B, and further based on the capacitive
coupling of the biasing signal, Vg, provided by the biasing
signal generator (480) according to the above description
with reference to FIG. 4A.

[0035] FIG.5is a process chart (500) showing various
steps of a method according to an embodiment of the
presentinvention for processing a surface of a substrate.
As shown in FIG. 5, such steps comprise: placing a sub-
strate support stage in a region of a DC plasma reaction
chamber configured to produce a positive column of the
DC plasma, according to step (510); generating a DC
plasma by coupling an adjustable DC voltage source and
aDC current source respectively to an anode and a cath-
ode of the DC plasma reaction chamber, according to
step (520); based on the generating, producing a floating
potential at a surface of the substrate support stage, ac-
cording to step (530); adjusting a potential at the anode
via the adjustable DC voltage source while maintaining
viathe DC current source a constant DC current between
the anode and the cathode, according to step (540); and
based on the adjusting and the maintaining, setting the
floating potential to a potential of a reference ground of
the adjustable DC voltage source, according to step
(550).

[0036] A number of embodiments of the disclosure
have been described. Nevertheless, it will be understood
that various modifications may be made without depart-
ing from scope of the present disclosure. The invention
is defined by the claims.

[0037] The examples set forth above are provided to
those of ordinary skill in the art as a complete disclosure
and description of how to make and use the embodiments
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of the disclosure and are not intended to limit the scope
of the disclosure. The invention is defined by the claims.
[0038] Itis to be understood that the disclosure is not
limited to particular methods or systems, which can, of
course, vary. It is also to be understood that the termi-
nology used herein is for the purpose of describing par-
ticular embodiments only and is not intended to be limit-
ing. As used in this specification and the appended
claims, the singular forms "a," "an," and "the" include plu-
ral referents unless the content clearly dictates other-
wise. The term "plurality” includes two or more referents
unless the content clearly dictates otherwise. Unless de-
fined otherwise, all technical and scientific terms used
herein have the same meaning as commonly understood
by one of ordinary skill in the art to which the disclosure
pertains.

Claims

1. Adirect-current (DC) plasma system for processing
of a substrate, comprising:

aDC plasma reaction chamber (110) configured
to contain a DC plasma that is generated be-
tween an anode (A) and a cathode (C) of the DC
plasma reaction chamber (110);

an adjustable DC voltage source (250) having
an output that is electrically coupled to the an-
ode; anode (A);

aDC currentsource (260) that is electrically cou-
pled to the cathode (C); and a substrate support
stage (S) arranged in a region of the DC plasma
reaction chamber (110) that contains a positive
column of the DC plasma,

wherein

the adjustable DC voltage source (250) and the
DC current source (260) are electrically coupled
to a reference ground, and

the adjustable DC voltage source (250) is con-
figured to adjust, during processing of the sub-
strate, an electrical potential at the anode to set
a floating potential at a surface of the substrate
support stage (S) to a potential of the reference
ground.

2. The direct-current (DC) plasma system of claim 1,
wherein:
the DC current source is configured to set, during
the processing of the substrate, a constant DC cur-
rent that flows between the anode and the cathode,
the constant DC current configured to generate the
DC plasma.

3. The direct-current (DC) plasma system of claim 2,
wherein:
the electrical potential at the anode and the constant
DC current in combination establish a potential at
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10.

1.

the cathode.

The direct-current (DC) plasma system of claim 2,
wherein:

the electrical potential at the anode is adjustable in-
dependently from the constant DC current.

The direct-current (DC) plasma system of any one
of claims 1-4, further comprising:

a reference plate made of a conductive material ar-
ranged in the region of the DC plasma reaction cham-
ber that contains the positive column so that a sur-
face potential of the reference plate is equal to the
floating potential.

The direct-current (DC) plasma system of claim 5,
wherein:

the substrate support stage and the reference plate
are arranged within a segment along a longitudinal
extension of the DC plasma reaction chamber.

The direct-current (DC) plasma system of claim 6,
wherein:
a center of the substrate support stage and a center
of the reference plate are contained within a line that
is perpendicular to a direction of the longitudinal ex-
tension.

The direct-current (DC) plasma system of any one
of claims 5-7, further comprising:

control electronics electrically coupled to the ref-
erence plate via an insulating conductive wire,
wherein

the control electronics is configured to generate
an error signal based on a difference between
the surface potential of the reference plate and
the potential of the reference ground.

The direct-current (DC) plasma system of claim 8,
wherein:

the control electronics comprises an operational am-
plifier or an error amplifier.

The direct-current (DC) plasma system of claim 8,
wherein:

the adjustable DC voltage source is configured to
receive the error signal and adjust the electrical po-
tential at the anode based on a value of the error
signal.

The direct-current (DC) plasma system of claim 10,
wherein:

the adjustable DC voltage source, the reference
plate and the control electronics are configured to
provide a closed loop control system to maintain the
floating potential to the potential of the reference
ground.
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The direct-current (DC) plasma system of any one
of claims 1-11, further comprising:

a biasing signal generator that is capacitively
coupled to the substrate support stage,
wherein

the biasing signal generator is configured
to generate a biasing signal having a volt-
age level that is referenced to the potential
of the reference ground, the biasing signal
capacitively coupled to the substrate sup-
port stage, and

the biasing signal is configured to control a
surface potential of the substrate support
stage.

The direct-current (DC) plasma system of claim 12,
wherein:

the biasing signal generator is configured to control
waveform characteristics of the biasing signal, the
waveform characteristics comprising the voltage lev-
el,afrequency, a duty cycle, arising edge, or afalling
edge.

The direct-current (DC) plasma system of claim 12,
wherein:

when the voltage level of the biasing signal is zero
volts, the surface potential of the substrate support
stage is at zero volts, the energy level of free elec-
tronsinthe DC plasmais atzero volts, and the energy
level of nuclei of atoms at a surface of the substrate
is at zero volts.

The direct-current (DC) plasma system of claim 14,
wherein:

when the voltage level of the biasing signal is in-
creased by a positive voltage step, the surface po-
tential of the substrate support stage is increased by
the same positive voltage step, the energy level of
the free electrons is increased in proportion to the
positive voltage step.

The direct-current (DC) plasma system of claim 15,
wherein:

the positive voltage step is selectable, during the
processing of the substrate, to increase the energy
level of the free electrons to an energy level of elec-
trons bonded to the nuclei.

A method for processing a surface of a substrate,
the method comprising:

processing the substrate via the direct-current (DC)
plasma system of any one of claims 1-16.

A method for processing a surface of a substrate,
the method comprising:
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placing a substrate support stage (S) in a region
of a DC plasma reaction chamber (110) config-
ured to produce a positive column of DC plasma;
generating the DC plasma by coupling an ad-
justable DC voltage source (250) and a DC cur-
rent source (260) respectively to an anode (A)
and a cathode (C) of the DC plasma reaction
chamber (110);

based on the generating, producing a floating
potential at a surface of the substrate support
stage (S);

adjusting a potential at the anode via the adjust-
able DC voltage source (250) while maintaining
via the DC current source (260) a constant DC
current between the anode (A) and the cathode
(C); and

based on the adjusting and the maintaining, set-
ting the floating potential to a specific potential
of a reference ground of the adjustable DC volt-
age source (250).

19. The method according to claim 18, further compris-

ing:

placing a substrate on the substrate support
stage;

capacitively coupling a biasing signal to the sub-
strate support stage, thereby energizing free
electrons in the DC plasma;

based on the energizing, accelerating the free
electrons onto a surface of the substrate; and
based on the accelerating, colliding the free
electrons with atoms at the surface of the sub-
strate, thereby breaking energy bonds between
electrons and nuclei of the atoms,

wherein a voltage level of the biasing signal is
selected to target a specific energy level of the
electrons of the atoms, the atoms making up a
specific material.

Patentanspriiche

Gleichstrom-Plasmasystem zur Verarbeitung eines
Substrats, umfassend:

eine Gleichstromplasmareaktionskammer
(110), die so konfiguriert ist, dass sie ein Gleich-
stromplasma enthélt, das zwischen einer Anode
(A) und einer Kathode (C) der Gleichstromplas-
mareaktionskammer (110) erzeugt wird;

eine einstellbare Gleichstromspannungsquelle
(250) mit einem Ausgang, der elektrisch mit der
Anode gekoppelt ist;

Anode (A);

eine Gleichstromquelle (260), die elektrisch mit
der Kathode (C) gekoppelt ist; und

ein Substratstiitzgestell (S), das in einem Be-
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reich der Gleichstromplasmareaktionskammer
(110) angeordnet ist, die eine positive Saule des
Gleichstromplasmas enthalt,

wobei

die einstellbare Gleichstromspannungsquelle
(250) und die Gleichstromquelle (260) elektrisch
mit einer Referenzmasse gekoppelt sind, und
die einstellbare Gleichstromspannungsquelle
(250) so konfiguriert ist, dass sie wahrend der
Verarbeitung des Substrats ein elektrisches Po-
tential an der Anode festsetzt, um ein schwe-
bendes Potential an einer Oberflache des Sub-
stratstitzgestells (S) auf ein Potential der Refe-
renzmasse einzustellen.

Gleichstrom-Plasmasystem nach Anspruch 1, wo-
bei:

die Gleichstromquelle konfiguriert ist, um wahrend
der Verarbeitung des Substrats einen konstanten
Gleichstrom festzusetzen, der zwischen der Anode
und der Kathode flief3t, wobei der konstante Gleich-
strom konfiguriert ist, um das Gleichstromplasma zu
erzeugen.

Gleichstrom-Plasmasystem nach Anspruch 2, wo-
bei:

das elektrische Potenzial an der Anode und der kon-
stante Gleichstrom in Kombination ein Potenzial an
der Kathode herstellen.

Gleichstrom-Plasmasystem nach Anspruch 2, wo-
bei:

das elektrische Potenzial an der Anode unabhéangig
vom konstanten Gleichstrom einstellbar ist.

Gleichstrom-Plasmasystem nach einem der An-
spriiche 1 bis 4, das zudem umfasst:

eine Referenzplatte aus einem leitfahigen Material,
dieindem Bereich der Gleichstromplasmareaktions-
kammer angeordnet ist, die die positive Saule ent-
halt, sodass ein Oberflachenpotenzial der Referenz-
platte gleich dem schwebenden Potential ist.

Gleichstrom-Plasmasystem nach Anspruch 5, wo-
bei:

das Substratstiitzgestell und die Referenzplatte in-
nerhalb eines Segments entlang einer Langserstre-
ckung der Gleichstromplasmareaktionskammer an-
geordnet sind.

Gleichstrom-Plasmasystem nach Anspruch 6, wo-
bei:

eine Mitte des Substratstiitzgestells und eine Mitte
der Referenzplatte innerhalb einer Linie enthalten
sind, die senkrecht zu einer Richtung der Langser-
streckung verlauft.

Gleichstrom-Plasmasystem nach einem der An-
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10.

1.

12.

13.

spriiche 5 bis 7, das zudem umfasst:

eine Steuerelektronik, die Uber einen isolieren-
den, leitenden Draht elektrisch mit der Refe-
renzplatte gekoppelt ist,

wobei

die Steuerelektronik so konfiguriert ist, dass sie
ein Fehlersignal auf Grundlage einer Differenz
zwischen dem Oberflachenpotenzial der Refe-
renzplatte und dem Potenzial der Referenzmas-
se erzeugt.

Gleichstrom-Plasmasystem nach Anspruch 8, wo-
bei:

die Steuerelektronik einen Operationsverstarker
oder einen Fehlerverstarker umfasst.

Gleichstrom-Plasmasystem nach Anspruch 8, wo-
bei:

die einstellbare Gleichstromspannungsquelle so
konfiguriert ist, dass sie das Fehlersignal empfangt
und das elektrische Potenzial an der Anode auf
Grundlage eines Werts des Fehlersignals einstellt.

Gleichstrom-Plasmasystem nach Anspruch 10, wo-
bei:

die einstellbare Gleichstromspannungsquelle, die
Referenzplatte und die Steuerelektronik so konfigu-
riert sind, dass sie ein geschlossenes Regelsystem
bereitstellen, um das schwebende Potenzial auf
dem Potenzial der Referenzmasse aufrechtzuhal-
ten.

Gleichstrom-Plasmasystem nach einem der An-
spriiche 1 bis 11, das zudem umfasst:

einen Vorspannungssignalgenerator, der kapa-
zitiv mit dem Substratstlitzgestell gekoppelt ist,
wobei

der Vorspannungssignalgenerator so konfigu-
riert ist, dass er ein Vorspannungssignal mit ei-
nem Spannungsniveau erzeugt, der auf das Po-
tential der Referenzmasse bezogen ist, wobei
das Vorspannungssignal kapazitiv mitdem Sub-
stratstiitzgestell gekoppelt ist, und

das Vorspannungssignal so konfiguriert ist,
dass es ein Oberflachenpotenzial des Subst-
ratstlitzgestells steuert.

Gleichstrom-Plasmasystem nach Anspruch 12, wo-
bei:

der Vorspannungssignalgenerator so konfiguriert
ist, dass er die Wellenformcharakteristiken des Vor-
spannungssignals steuert, wobei die Wellenform-
charakteristiken das Spannungsniveau, eine Fre-
quenz, ein Tastverhaltnis, eine steigende Flanke
oder eine fallende Flanke umfassen.
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Gleichstrom-Plasmasystem nach Anspruch 12, wo-
bei:

wenn das Spannungsniveau des Vorspannungssig-
nals null Volt betragt, das Oberflachenpotential des
Substratstiitzgestells bei null Volt liegt, das Energie-
niveau der freien Elektronen im Gleichstromplasma
bei null Volt liegt und das Energieniveau der Atom-
kerne an einer Oberflache des Substrats bei null Volt
liegt.

Gleichstrom-Plasmasystem nach Anspruch 14, wo-
bei:

wenn das Spannungsniveau des Vorspannungssig-
nals um einen positiven Spannungsschritt erhoht
wird, das Oberflachenpotential des Substratstiitzge-
stells um denselben positiven Spannungsschritt er-
héht wird, das Energieniveau der freien Elektronen
proportional zu dem positiven Spannungsschritt er-
hoht wird.

Gleichstrom-Plasmasystem nach Anspruch 15, wo-
bei:

der positive Spannungsscritt wahrend der Verarbei-
tung des Substrats wahlbar ist, um das Energieni-
veau der freien Elektronen auf ein Energieniveau
von an die Kerne gebundenen Elektronen zu erho-
hen.

Verfahren zur Verarbeitung einer Oberflache eines
Substrats, wobei das Verfahren umfasst:
Verarbeiten des Substrats tber das Gleichstrom-
Plasmasystem nach einem der Anspriiche 1-16.

Verfahren zur Verarbeitung einer Oberflache eines
Substrats, wobei das Verfahren umfasst:

Platzieren eines Substratstiitzgestells (S) in ei-
nem Bereich einer Gleichstromplasmareakti-
onskammer (110), die so konfiguriert ist, dass
sie eine positive Sdule von Gleichstromplasma
erzeugt;

Erzeugen des Gleichstromplasmas durch Kop-
peln einer einstellbaren Gleichstromspan-
nungsquelle (250) und einer Gleichstromquelle
(260) mit einer Anode (A) bzw. einer Kathode
(C) der Gleichstromplasmareaktionskammer
(110);

auf Grundlage der Erzeugung, Produzieren ei-
nes schwebenden Potentials an der Oberflache
des Substratstitzgestells (S);

Einstellen eines Potentials an der Anode Uber
die einstellbare Gleichstromspannungsquelle
(250), wahrend Uber die Gleichstromquelle
(260) ein konstanter Gleichstrom zwischen der
Anode (A)und der Kathode (C) aufrechterhalten
wird; und

auf Grundlage des Einstellens und des Auf-
rechthaltens, Festsetzen des schwebenden Po-
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1"

tentials auf ein spezifisches Potential einer Re-
ferenzmasse der einstellbaren Gleichstrom-
spannungsquelle (250).

19. Verfahren nach Anspruch 18, ferner umfassend:

Platzieren eines Substrats auf dem Subst-
ratstlitzgestell;

kapazitives Koppeln eines Vorspannungssig-
nals an das Substratstiitzgestell, wodurch freie
Elektronen im Gleichstromplasma mit Strom
versorgt werden;

auf Grundlage der Stromversorgung, Beschleu-
nigen der freien Elektronen auf eine Oberflache
des Substrats; und

auf Grundlage der Beschleunigung, Kollidieren
der freien Elektronen mit Atomen an der Ober-
flache des Substrats, wodurch Energiebindun-
gen zwischen Elektronen und

Atomkernen aufbrechen,

wobei ein Spannungsniveau des Vorspan-
nungssignals so gewahlt wird, dass ein spezifi-
sches Energieniveau der Elektronen der Atome
angestrebt wird, wobei die Atome ein spezifi-
sches Material bilden.

Revendications

Systeme de plasma a courant continu (CC) pour le
traitement d’'un substrat, comprenant:

une chambre de réaction a plasma CC (110)
configurée pour contenir un plasma CC qui est
généré entre une anode (A) et une cathode (C)
de la chambre de réaction a plasma CC (110);
une source de tension continue réglable (250)
dontla sortie estcouplée électriquement al’ano-
de;

une anode (A);

une source de courant continu (260) qui est cou-
plée électriquement a la cathode (C); et

un étage de support de substrat (S) disposé
dans une zone de la chambre de réaction a plas-
ma CC (110) qui contient une colonne positive
du plasma CC,

dans lequel

la source de tension continue réglable (250) et
la source de courant continu (260) sont électri-
quementcouplées a une masse de référence, et
la source de tension continue réglable (250) est
configurée pour régler, pendant le traitement du
substrat, un potentiel électrique a I'anode afin
d’établir un potentiel flottant a une surface de
I’étage de support de substrat (S) a un potentiel
de la masse de référence.

2. Systeme de plasma a courant continu (CC) selon la
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revendication 1, dans lequel:

la source de courant continu est configurée pour éta-
blir, pendant le traitement du substrat, un courant
continu constant qui circule entre I'anode et la ca-
thode, le courant continu constant étant configuré
pour générer le plasma CC.

Systeme de plasma a courant continu (CC) selon la
revendication 2, dans lequel:

le potentiel électrique a I'anode et le courant continu
constant établissent ensemble un potentiel a la ca-
thode.

Systeme de plasma a courant continu (CC) selon la
revendication 2, dans lequel:

le potentiel électrique a 'anode est réglable indé-
pendamment du courant continu constant.

Systeme de plasma a courant continu (CC) selon
'une quelconque des revendications 1 a 4, compre-
nant en outre:

une plaque de référence en matériau conducteur dis-
posée dans la zone de la chambre de réaction a
plasma CC qui contient la colonne positive, de sorte
qu’un potentiel de surface de la plaque de référence
est égal au potentiel flottant.

Systeme de plasma a courant continu (CC) selon la
revendication 5, dans lequel:

I'étage de support de substrat et la plaque de réfé-
rence sontdisposés al'intérieur d’'un segmentle long
d’une extension longitudinale de la chambre de réac-
tion a plasma CC.

Systeme de plasma a courant continu (CC) selon la
revendication 6, dans lequel:

un centre de I'étage de support de substrat et un
centre de la plaque de référence sont contenus dans
une ligne perpendiculaire ala direction de I'extension
longitudinale.

Systeme de plasma a courant continu (CC) selon
'une quelconque des revendications 5 a 7, compre-
nant en outre:

une électronique de commande couplée électri-
quement a la plaque de référence par I'intermé-
diaire d’un fil conducteur isolant,

dans lequel

I'électronique de commande est configurée pour
générer un signal d’erreur basé sur une diffé-
rence entre le potentiel de surface de la plaque
de référence et le potentiel de la masse de ré-
férence.

9. Systéme de plasma a courant continu (CC) selon la

revendication 8, dans lequel:
I'électronique de commande comprend un ampilifi-
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cateur opérationnel ou un amplificateur d’erreur.

Systeme de plasma a courant continu (CC) selon la
revendication 8, dans lequel:

la source de tension continue réglable est configurée
pour recevoir le signal d’erreur et régler le potentiel
électrique a I'anode sur la base d’une valeur du si-
gnal d’erreur.

Systeme de plasma a courant continu (CC) selon la
revendication 10, dans lequel:

la source de tension continue réglable, la plaque de
référence et I'électronique de commande sont con-
figurées pour fournir un systéme de commande en
boucle fermée afin de maintenir le potentiel flottant
au potentiel de la masse de référence.

Systeme de plasma a courant continu (CC) selon
'une quelconque des revendications 1 a 11, com-
prenant en outre:

un générateur de signal de polarisation qui est
couplé capacitivement a I'étage de support de
substrat, dans lequel

le générateur de signal de polarisation est con-
figuré pour générer un signal de polarisation
ayant un niveau de tension qui est référencé au
potentiel de la masse de référence, le signal de
polarisation étant couplé capacitivement a I'éta-
ge de support de substrat, et

le signal de polarisation est configuré pour com-
mander un potentiel de surface de I'étage de
support de substrat.

Systeme de plasma a courant continu (CC) selon la
revendication 12, dans lequel:

le générateur de signal de polarisation est configuré
pour commander les caractéristiques de forme d’on-
de du signal de polarisation, les caractéristiques de
forme d’onde comprenant le niveau de tension, une
fréquence, un rapport cyclique, un front montant ou
un front descendant.

Systeme de plasma a courant continu (CC) selon la
revendication 12, dans lequel:

lorsque le niveau de tension du signal de polarisation
est de zéro volt, le potentiel de surface de I'étage de
supportde substrat est de zéro volt, le niveau d’éner-
gie des électrons libres dans le plasma CC est de
zéro volt et le niveau d’énergie des noyaux d’atomes
a la surface du substrat est de zéro volt.

Systeme de plasma a courant continu (CC) selon la
revendication 14, dans lequel:

lorsque le niveau de tension du signal de polarisation
est augmenté par un échelon de tension positif, le
potentiel de surface de I'étage de support de substrat
est augmenté par le méme échelon de tension po-
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sitif, le niveau d’énergie des électrons libres est aug-
menté proportionnellement a I'échelon de tension
positif.

Systeme de plasma a courant continu (CC) selon la
revendication 15, dans lequel:

I'échelon de tension positif peut étre sélection-
né, pendant le traitement du substrat,

pour augmenter le niveau d’énergie des élec-
trons libres jusqu’a un niveau d’énergie d’élec-
trons liés aux noyaux.

Procédé de traitement d’'une surface d’un substrat,
le procédé comprenant:

le traitement du substrat par I'intermédiaire du sys-
téeme de plasma a courant continu (CC) selon 'une
quelconque des revendications 1 a 16.

Procédé de traitement d’'une surface d’un substrat,
le procédé comprenant:

le placement d’'un étage de support de substrat
(S) dans une zone d’'une chambre de réaction
aplasma CC (110) configurée pour produire une
colonne positive de plasma CC;

la génération du plasma continu en couplantune
source de tension continue réglable (250) etune
source de courant continu (260) respectivement
auneanode (A) eta une cathode (C)de lacham-
bre de réaction a plasma CC (110);

sur la base de la génération, la production d’'un
potentiel flottant a une surface de I'étage de sup-
port de substrat (S);

le réglage d’un potentiel a 'anode par I'intermé-
diaire de la source de tension continue réglable
(250) tout en maintenant par l'intermédiaire de
la source de courant continu (260) un courant
continu constant entre I'anode (A) et la cathode
(C); et

sur la base du réglage et du maintien, le réglage
du potentiel flottant a un potentiel spécifique
d’'une masse de référence de la source de ten-
sion continue réglable (250).

Procédé selon la revendication 18, comprenant en
outre:

le placementd’un substrat surl’étage de support
de substrat;

le couplage capacitif d’'un signal de polarisation
a I'étage de support de substrat, ce qui a pour
effet de dynamiser les électrons libres dans le
plasma CC;

en fonction de la dynamisation, I'accélération
des électrons libres sur une surface du substrat;
et

sur la base de l'accélération, la collision des
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électrons libres avec les atomes a la surface du
substrat, brisant ainsi les liaisons énergétiques
entre les électrons et les noyaux des atomes,
le niveau de tension du signal de polarisation
étant choisi pour cibler un niveau d’énergie spé-
cifique des électrons des atomes, les atomes
constituant un matériau spécifique.
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